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R355Cell Polarity: Which Way to Grow
in an Electric Field?Cell polarity can be influenced by an electric field, but the mechanisms behind
this response are poorly understood. A newpaper shows that fission yeast cells
change their direction of growth in an external electric field and suggests
mechanisms based on the cortical pH gradient and on electrophoresis of
membrane proteins.Iana M. Kalinina1, Vladimir Krstic´2,
and Iva M. Tolic´-Nørrelykke1,*
Directional growth and migration in
response to an electric field have
been reported for bacteria [1], algae
[2], fibroblasts [3], and neurons [4],
to name a few. In plants, the external
electric field can modify the direction
of growth of pollen tubes [5] and
roots [6]. The preferred direction
of growth relative to the direction
of the external electric field varies
with the type of cell or organ and
can also be species dependent.
Despite numerous investigations,
the molecular mechanisms behind
the directed growth response to
the external electric field are still
not understood. In this issue of
Current Biology, Minc and Chang
[7] provide insight into this
phenomenon by studying the
effects of the external electric
field on the fission yeast
Schizosaccharomyces pombe
(Figure 1A), a single-celled
organism that can be easily
genetically modified and for
which a variety of mutants are
available.
S. pombe cells are rod shaped and
grow by extension at the tips
(Figure 1B). This bipolar growth is
controlled by polarity factors (tea1p
and tea4p) that are delivered to the
cell tips by polymerizing microtubules
[8]. These polarity factors interact
with formin (for3p), which promotes
the nucleation of new actin cables
that are used to transport the
secretory vesicles carrying
membrane proteins to the cell
tips. Among the delivered proteins
are the beta-D-glucan-synthase
(bgs) proteins, which are part of
a complex that synthesizes one
of the main components of the cell
wall [9]; consequently, the cell grows
at the tips.
Minc and Chang [7] showed that,
in the external electric field, about50% of wild-type cells bend by
activating new tip growth in a
direction perpendicular to the
external electric field (Figure 1C),
resulting in S-shaped cells. How
does this morphology form?
Surprisingly, microtubules and the
microtubule-based polarity pathway,
including tea1 p and tea4p, were
shown not to be required for the
S-shape growth response to the
external electric field. The authors
therefore screened for other
proteins known to affect cell
polarity and found that, in the
external electric field, disruption
of the function of for3p, cdc42p
(a small GTPase that activates
formin), or pma1p (plasma
membrane proton ATPase) resulted
in growth towards the anode,
giving rise to C-shaped cells
(Figure 1D).
The authors proposed two
mechanisms to explain the S- and
C-shaped cell growth in the external
electric field. The first mechanism is
based on a cortical pH gradient
(Figure 1C), while the second is
based on electrophoresis of
membrane proteins (Figure 1D). To
establish a cortical pH gradient,
protons are pumped out of the cell
by pma1p pumps localized in the
membrane between the medial
region of the cell and the cell tips.
This process is driven by ATP
hydrolysis and does not depend
on the transmembrane potential.
The proton efflux is balanced by
a proton influx that is probably
mostly driven by the transmembrane
potential. In the absence of the
external electric field, the
transmembrane potential, and hence
the influx of protons, is equal all
over the membrane (Figure 1B).
When the cell is placed in the
external electric field, the
transmembrane potential is changed
so that the membrane facing the
anode is hyperpolarized, while themembrane facing the cathode
is depolarized. Consequently,
the proton influx increases in
the hyperpolarized region
of the membrane and decreases
in the depolarized region
(Figure 1C).
On the basis of their calculation of
the transmembrane potential, the
authors demonstrated that the
external electric field perturbs
the cortical pH. In particular, their
model predicts that the cortical
pH profile at the cell tip is slightly
‘displaced’ away from the cell tip
when the external electric field is
applied (Figure 1C). If the cell
experiencing the external electric
field recognizes this particular
cortical pH profile as corresponding
to a site where it should grow, this
would explain the formation of
S-shaped cells as observed in the
experiments. Hence, the authors
propose that the activity of for3p,
which determines the direction of
the new growth, depends on the
cortical pH in the following way:
the optimal pH for for3p activity is
supposed to be equal to the
cortical pH at the cell tip in the
absence of the external electric
field (Figure 1B,C). Because the
optimal pH for for3p activity is
displaced in the presence of the
external electric field, the site of
cell growth is also displaced
(Figure 1C). However, the
displacement of for3p, as well as
cdc42p and actin, to the new site
of growth was not observed prior
to cell bending.
In the for3D, pma1-1, and
cdc42-1625 mutants, the polarity
mechanism based on the cortical
pH gradient is disrupted; however,
these cells still respond to the
external electric field. But, in
contrast to the previously observed
S-shaped cells, these mutants
grow in a C shape by extending
both cell tips towards the anode
(Figure 1D). To explain the C-shape
morphology, the authors suggest
that an additional polarization
mechanism operates involving
the electrophoresis of the membrane
bgs proteins. These proteins have
a negatively charged extracellular
domain and hence can be displaced
in the membrane by the electric
field. In the absence of an external
electric field, the bgs complex
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Figure 1. S. pombe growth response to an external electric field.
(A) A fission yeast cell is placed in an external electric field. (B) A wild-type cell in the absence of an electric field grows in a straight manner.
(C) A wild-type cell in the presence of an electric field grows in the direction perpendicular to the field because of the changes in the cortical
pH gradient. (D) Mutants with a disturbed pH-gradient mechanism grow towards the anode because of electrophoresis of membrane proteins.
See text for full details.
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R356localizes to the growing cell tips
(Figure 1B), whereas in the presence
of an external electric field, this
complex is displaced to the side
of the cell that faces the anode
(Figure 1D). The authors suggest
that in mutants lacking the
pH-gradient mechanism, the
growth direction is determined
by the accumulation of the bgs
complex at the side of the cell
that faces the anode. Thus, the
displacement of the bgs complex
in the external electric field
accounts for the experimentally
observed formation of the
C-shaped cells.
In summary, Minc and Chang [7]
propose two mechanisms to explain
how fission yeast cells grow in
the external electric field: one
based on the cortical pH gradient
and the other on electrophoresis
of membrane proteins. The
cortical pH gradient may provide
a new mechanism for guiding cell
polarity in addition to the known
microtubule-dependent pathway.
Indeed, the existence of an
intracellular pH gradient and its
influence on the localization ofcell growth has been observed in
growing pollen tubes [5]. It will be
interesting to test the pH-gradient
mechanism proposed by Minc
and Chang [7] by measuring the
intracellular pH in the fission yeast,
for example by using a pH-sensitive
GFP reporter [10]. Further work
using S. pombe, a genetically
tractable model organism, will
help us to better understand the
molecular mechanisms underlying
the responses of cells to the external
electric field.
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